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Abstract
Background: In eukaryotes the transcription initiation by RNA polymerase II requires numerous general and regulatory 
factors including general transcription factors. The general transcription factor TFIIF controls the activity of the RNA 
polymerase II both at the initiation and elongation stages. The glioma amplified sequence 41 (GAS41) has been 
associated with TFIIF via its YEATS domain.
Results: Using GST pull-down assays, we demonstrated that GAS41 binds to both, the small subunit (RAP30) and the 
large subunit (RAP74) of TFIIF in vitro. The in vivo interaction of GAS41 and endogenous RAP30 and RAP74 was 
confirmed by co-immunoprecipitation. GAS41 binds to two non-overlapping regions of the C-terminus of RAP30. 
There is also an ionic component to the binding between GAS41 and RAP30. There was no evidence for a direct 
interaction between GAS41 and TBP or between GAS41 and RNA polymerase II.
Conclusions: Our results demonstrate binding between endogenous GAS41 and the endogenous TFIIF subunits 
(RAP30 and RAP74). Since we did not find evidence for a binding of GAS41 to TBP or RNA polymerase II, GAS41 seems 
to preferentially bind to TFIIF. GAS41 that does not contain a DNA-binding domain appears to be a co-factor of TFIIF.
Background
In eukaryotes general transcription factors control the
activity of RNA polymerase II during initiation and elon-
gation of mRNA synthesis. The transcription initiation
requires the concerted action of a complex of transcrip-
tion factors including TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
and TFIIH [1,2]. Regulation of transcription is likely to be
concerted by additional regulating factors, which are dis-
tinct from the general transcription factors in that they
are dispensable for basal transcription. Cofactors may
also be distinct, because some of them do not directly
bind DNA [3]. Some cofactors seem to bridge the interac-
tion between gene-specific transcription factors and gen-
eral transcription factors, whereas others facilitate
chromatin remodeling [4].
An improved understanding of transcription requires
further elucidation of the RNA polymerase II machinery.
Several lines of evidence suggest that glioma amplified
sequence 41 (GAS41) is associated with the general tran-
scription factor complex. Originally, we isolated GAS41
from a glioblastoma cell line as a nuclear protein contain-
ing a C-terminal alpha-acidic activation domain and an
N-terminal YEATS domain [5]. This YEATS domain is
conserved in the YEATS family of transcription factors,
including human AF9, ENL, and the yeast ANC1/Taf14
protein. All of the YEATS proteins are components of
multi-subunit complexes involved in transcription regu-
lation and chromatin remodeling [6]. For instance, Taf14
is a subunit of TFIID and TFIIF, the chromatin remodel-
ing complexes SWI/SNF, RSC and INO80 as well as the
histone acetyltransferase complex NuA3 [7,8]. GAS41
that shows homology to the N-terminus of Taf14 inter-
acts with INI1, the human homolog of the SWI/SNF
complex component SNF5 [9].
Furthermore, GAS41 is a subunit of the human TIP60
and SCRAP complexes [10,11]. Targeted disruption of the
GAS41 gene in chicken indicates that GAS41 is required
for RNA transcription. GAS41 is suggested to function at
the assembly of general transcription initiation com-
plexes at the nuclear matrix [12]. We asked whether
GAS41 is also associated with the human general tran-
scription factor complex. We examined the interaction of
GAS41 and TFIIF which is a heteromeric tetramer of
RAP30 and RAP74 [13].
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Results
Association of GAS41 with the general transcription factor 
TFIIF
To analyze whether GAS41 interacts with TFIIF, we
recombinantly expressed GST-GAS41, purified the
fusion protein and confirmed the expression by SDS-
PAGE. Coomassie staining showed a ~50 kDa signal cor-
responding to the combined molecular mass of GST-
GAS41. Immunoblot analysis with GAS41 antibody also
showed a signal of ~50 kDa (Figure 1A). GST pull-down
assay was performed with purified GST-GAS41 immobi-
lized on glutathion-sepharose matrix. GST-GAS41 and
GST as control were incubated with purified His-RAP30
and His-RAP74. The eluted protein complexes were sub-
jected to immunoblot analysis. Both, His-RAP30 and
His-RAP74 were retained by GST-GAS41 but not by GST
alone (Figure 1B). To test for binding of GAS41 with
endogenous TFIIF, we performed GST-pull-down assays
with HeLa nuclear extract as source for general transcrip-
tion factors. Immunoblotting confirmed binding of GST-
GAS41 with both RAP30 and RAP74 (Figure 1C).
Binding of GAS41 to TFIIF
To independently confirm the interaction of GAS41 and
TFIIF, we performed co-immunoprecipitation experi-
ments. We transiently co-transfected cells with HA-
GAS41 and FLAG-RAP30. Immunoblotting of cell
extracts showed co-expression of HA-GAS41 together
with FLAG-RAP30 (Figure 2A). Subsequently, cell lysates
were incubated either with anti-FLAG-M2 agarose or
anti-HA agarose. By FLAG-immunoprecipitation HA-
GAS41 as well as endogenous GAS41 was efficiently co-
purified in complex with FLAG-RAP30. Vice versa, by
HA-immunoprecipitation FLAG-RAP30 was efficiently
co-purified in complex with HA-GAS41 (Figure 2B, C).
Additionally, we performed immunoprecipitation
experiments with the endogenous, transcriptionally rele-
vant TFIIF complex. Therefore, nuclear extracts from
HeLa cells without overexpression of RAP30 or RAP74
were subjected to immunoprecipitation using GAS41
antibodies. Immunoblot analysis using RAP30 and
RAP74 antibodies revealed that endogenous GAS41 co-
immunoprecipitates with endogenous TFIIF (Figure 2D).
Figure 1 GAS41 directly interacts with TFIIF. (A) GST-GAS41 and GST were purified and subjected to SDS-PAGE. Coomassie staining (left) and im-
munoblot using GAS41 antibody (right), identified GST-GAS41 and GST. (B) GST pull-down assay with GST-GAS41 as bait retained His-RAP30, while 
negative control GST did not. His-RAP74 was retained by GST-GAS41 as bait, but not by GST as negative control. (C) GST pull-down assay using HeLa 
nuclear extract confirms the in vitro interaction of GST-GAS41 with both, RAP30 and RAP74.Heisel et al. BMC Molecular Biology 2010, 11:53
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Binding of GAS41 to TFIIF: Specificity and ionic strength
We analyzed the direct interaction of GAS41 and the
TATA binding protein (TBP) as well as the RNA poly-
merase II in vivo. Immunoblot analysis revealed no spe-
cific binding of TBP to GAS41. Additionally, there is no
direct interaction of GAS41 and RNA polymerase II (Fig-
ure 3A). These results provide evidence that the GAS41
interaction is specific for this particular general tran-
scription factor.
To examine the stability of protein interactions in the
GAS41/TFIIF complex, we analyzed the binding of
endogenous RAP30 to the GST-GAS41 fusion protein.
GST-GAS41 coupled sepharose was incubated with HeLa
nuclear extract. The bound proteins were washed at
increasing salt concentrations. Immunoblot analysis
showed that NaCl concentrations of up to 0.4 M cause a
slight decrease in GAS41-RAP30 interaction. After wash-
ing steps with 0.5 M NaCl, RAP30 is only weakly detect-
able by immunoblot analysis (Figure 3B). These data
indicate an ionic component in the interaction between
GAS41 and TFIIF.
Mapping of the GAS41 binding region of RAP30
To delineate the GAS41 binding region of RAP30, we uti-
lized GST-RAP30 truncation mutants. In detail, we gen-
erated fusion proteins representing the RAP74 binding
domain (d1), the DNA binding site (d3) and a fragment
covering the RAP74 binding domain and the polymerase
Figure 2 GAS41 and TFIIF interact in vivo. For co-immunoprecipitation HEK293 cells were co-transfected with pSG5-HA-GAS41 and p3xFLAG-
CMV10-RAP30. (A) Expression of HA-GAS41 and FLAG-RAP30 was confirmed by immunoblot. (B) Immunoprecipitation of FLAG-RAP30 revealed the in 
vivo interaction of GAS41 and RAP30. (C) Immunoprecipitation of HA-GAS41 and immunoblot using FLAG antibody confirmed this in vivo interaction. 
A weak background signal of FLAG-RAP30 shows in lane 3. (D) Co-immunoprecipitation of endogenous GAS41, RAP30, and RAP74 from HeLa nuclear 
extracts confirmed the interaction of GAS41 and TFIIF. Cytoplasmic extract was used as negative control (input). For immunoprecipitation, HeLa nu-
clear extracts were subjected to protein A-sepharose coupled with either GAS41 antibodies or isotype control.Heisel et al. BMC Molecular Biology 2010, 11:53
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binding domain (d2) [2,13,14]. GST fusion proteins were
subjected to pull-down assays using His-GAS41 as prey.
Immunoblot analysis revealed the in vitro interaction of
GAS41 with all constructs but d1. These data indicate
that GAS41 interacts with two no-overlapping regions of
RAP30 (aa101-169 and aa169-249) covering the poly-
merase and the DNA binding site (Figure 4).
Discussion
We described GAS41 as a potential transcription factor
containing an activation and a YEATS domain [5,15].
Here, we report GAS41 as a potential cofactor of TFIIF.
TFIIF, consisting of the two subunits RAP30 and RAP74
[16-18], inhibits non-specific transcription initiation by
recruiting polymerase II to the pre-initiation complex
[19,20]. This polymerase II/TFIIF complex attaches
through direct interactions of TFIIF with promoter DNA,
TFIIB and TFIID [14]. Together with the transcriptional
co-activator Mediator, it promotes the association of
TFIIE and TFIIH to the pre-initiation complex [21,22].
GST pull-down assays using recombinant RAP30 and
RAP74 revealed specific binding of GAS41 to TFIIF in
vitro. By using HeLa nuclear extract, we confirmed these
results by demonstrating that both subunits of endoge-
nous TFIIF interact with GST-GAS41. Additionally, we
verified the interaction with RAP30 and RAP74 in vivo by
co-immunoprecipitation. Since GAS41 does not precipi-
tate TBP or RNA polymerase II, GAS41 appears to pref-
erentially interact with TFIIF. Although, the interaction
of GAS41 and RAP30 is resistant to high ionic strength,
there is an ionic component to the binding between
GAS41 and RAP30.
To further characterize the demonstrated interaction of
GAS41 and TFIIF, we expressed full length GST-RAP30
as well as three truncated RAP30 mutants. In vitro bind-
ing assays revealed direct interaction with all RAP30 con-
structs except for the RAP74 binding site fragment (d1).
We mapped the GAS41 binding site to two non-overlap-
ping regions at the C-terminus of RAP30. Nevertheless, a
single GAS41 binding site partly overlapping with the
DNA and polymerase binding site can not be excluded.
This binding possibly contributes to a function of GAS41
in stabilizing the interaction of TFIIF and DNA.
The function and structure of the RAP30 and RAP74
units have been well defined [14,23-26]. Specifically,
RAP30 has been shown to be necessary for pre-initiation
complex formation and gene transcription [27-29]. Our
data suggest that GAS41 interacts as transcriptional
cofactor with the pre-initiation complex via binding to
TFIIF . In addition to the recently demonstrated role of
GAS41 as co-activator of the sequence-specific transcrip-
tion factor AP-2β [30] and repressor of the p53 pathway
[31,32], the interaction with the pre-initiation complex
implies a more general function of GAS41 in cellular
transcription. GAS41 is also described as part of TIP60
and SRCAP [32]. Although GAS41 is a component of
TIP60, its function in p53 repression is mediated in a
TIP60 independent pathway [32]. Therefore, we assume
that GAS41 exerts its function in a mechanism which is
independent from the chromatin-modifying complexes
TIP60 and SRCAP.
The association of GAS41 to the RAP30 C-terminus
possibly contributes to a stabilization of the TFIIF-DNA
interaction. Although the functional role of GAS41 in
transcription remains to be fully elucidated, we suggest
Figure 3 Specific binding of GAS41 to TFIIF. HEK293 cells were transfected with pSG5-HA-GAS41 or pSG5. (A) Expression of HA-GAS41, RNA poly-
merase II, TBP, RAP30, and ACTB was confirmed by immunoblot. Immunoprecipitation of HA-GAS41 and immunoblot disprove a direct interaction of 
GAS41 and TBP or RNA polymerase II in vivo. (B) GST-GAS41 was incubated with HeLa nuclear extract as prey and subjected to extensive washing steps 
with increasing salt concentration. Immunoblot confirmed the interaction of GST-GAS41 and RAP30 up to 0.5 mM NaCl.Heisel et al. BMC Molecular Biology 2010, 11:53
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that GAS41 as co-factor of the general transcription com-
plex facilitates transcription initiation and bridges the
gap to sequence specific transcription by interaction with
appropriate transcription factors.
Conclusion
We demonstrated that endogenous GAS41 directly inter-
a c t s  w i t h  e n d o g e n o u s  T F I I F .  W e  m a p p e d  t h e  G A S 4 1
binding domain to two regions of RAP30 C-terminus.
Without in vivo evidence for a binding of GAS41 to TBP
or RNA polymerase II, GAS41 seems to preferentially
bind to TFIIF. Without a DNA-binding domain, GAS41
appears to be a co-factor of TFIIF.
Methods
Expression vectors and antibodies
Vector pGEX-4T1 (GE Healthcare) was used to express
GST-tagged full length GAS41 and RAP30 in BL21
(DE3), as well as RAP30 fragments d1-d3, covering aa1-
100, aa1-169, and aa169-249. His-GAS41 was expressed
in M15 [pRep4] (Qiagen), using the pQE30 vector (Qia-
gen). The plasmids 6HispET11d-RAP30 and
6HispET11d-RAP74 were a kind gift from R.G. Roeder.
V e c t o r  p S G 5  ( S t r a t a g e n e )  w a s  u s e d  t o  e x p r e s s  H A -
GAS41 in HEK293. FLAG-RAP30 was expressed in
HEK293 using p3xFLAG-CMV-10 (Sigma). For immuno-
blot analysis, we used rabbit RAP30 and RAP74 antibod-
ies (Santa Cruz), rabbit anti-GAS41 [15], mouse-anti TBP
(Transduction Laboratories), mouse-anti RNA poly-
merase II (Millipore), goat anti-GST (GE Healthcare), rat
anti-HA (Roche) and mouse anti-FLAG- (Sigma). Peroxi-
dase-conjugated antibodies were from Dianova.
GST pull down assay
GST fusion proteins were expressed in BL21. After induc-
tion with 1 mM isopropyl-D-thiogalactopyranoside
(IPTG) (3 h, 30°C), cells were sonicated in PBS containing
1% TritonX-100. His-RAP30 and -RAP74 were expressed
in BL21 (0.4 mM IPTG, 3 h, 30°C). His-GAS41 was
expressed in M15 [pRep4] (0.5 mM IPTG, 2 h, 30°C).
Native protein purification by Ni-NTA affinity chroma-
tography was performed according the manufacturer's
instruction (Qiagen).
For GST pull-down assay, 10-20 μg GST-fusion protein
was coupled to 100 μl glutathione-sepharose 4B (GE
Healthcare). Matrix was incubated with 250 μg HeLa
nuclear extract (Promega) or 10-20 μg His-fusion pro-
teins over night at 4°C. Bound proteins were eluted by
boiling in Laemmli buffer, resolved by a 12% SDS-PAGE
and analyzed by Coomassie staining or immunoblot anal-
ysis.
To analyze protein interactions under different salt
conditions, GST-GAS41 was incubated with HeLa
nuclear extract. Sepharose was washed with 500 μl PBS
followed by incubation with 500 μl PBS containing 0.14-1
M NaCl, for 45 min at 4°C. The remaining proteins were
eluted, separated by 12% SDS-PAGE and subjected to
immunoblot.
Cell culture and co-immunoprecipitation
Cells were grown in DMEM (Invitrogen) supplemented
with 10% fetal calf serum (Biochrom AG) at 37°C and 5%
CO2. For immunoprecipitation, 2.5 × 106 cells were co-
transfected with pSG5-HA-GAS41 and either p3xFLAG-
CMV10-RAP30 or p3xFLAG-CMV10. As control pSG5
was co-transfected with p3xFLAG-CMV10-RAP30 or
p3xFLAG-CMV10, respectively. Cells were disrupted in
lysis buffer (150 mM NaCl, 50 mM Tris/HCl pH 8.0, 1%
NP40, protease inhibitor cocktail (Roche)). For HA-co-
immunoprecipitation we used HA-Tag IP/Co-IP kit
(Pierce) according to the manufacturer's instructions. For
FLAG-co-immunoprecipitation we used FLAG-tagged
Protein Immunoprecipitation Kit (Sigma). 250 μg cell
extract was incubated with 30 μl FLAG-M2 agarose over
night at 4°C. After washing, bound proteins were eluted
using 0.1 M glycine (pH 3.5) and subjected to 15% SDS-
PAGE and immunoblot analysis. For nuclear extracts
HeLa cells were lysed as described previously [15].
Lysates were subjected to immunoprecipitation using
polyclonal GAS41 antibodies [15], rabbit IgG isotype
control (Invitrogen), and protein A-sepharose (GE
Healthcare). Precipitated protein were eluted by 1×
Laemmli and subjected to 15% SDS-PAGE and immuno-
blot analysis.
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